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Abstract 
In magnetic topological insulators (TIs), the interplay between magnetic order and 
nontrivial topology can induce fascinating topological quantum phenomena, such as 
the quantum anomalous Hall effect, chiral Majorana fermions and axion 
electrodynamics. Recently, a great deal of attention has been focused on the intrinsic 
magnetic TIs, where disorder effects can be eliminated to a large extent, which is 
expected to facilitate the emergence of topological quantum phenomena. In despite of 
intensive efforts, the experimental evidence of topological surface states (SSs) remains 
elusive. Here, by combining first-principles calculations and angle-resolved 
photoemission spectroscopy (ARPES) experiments, we have revealed that EnSn2As2 is 
an antiferromagnetic TI with observation of Dirac SSs consistent with our prediction. 
We also observed gapless Dirac SSs in another antiferromagnetic TI MnBi2Te4, which 
were missed in previous ARPES study. These results provide clear evidence for 
nontrivial topology of the two intrinsic magnetic TIs. Moreover, the topological SSs 
show no observable changes across the magnetic transitions within the experimental 
resolution, indicating that the magnetic order has limited effect on the topological SSs, 
which can be attributed to weak hybridization between the magnetic states and the 
topological electronic states. This provides insights for further studies that the 
correlations between magnetism and topological states need to be strengthened to 
induce larger gaps of the topological SSs, which will facilitate the realization of 
topological quantum phenomena at higher temperatures. 
  
Time-reversal symmetry has played a key role in topological quantum states of 
matter. The earliest discovered topological insulator (TI), Chern insulator with the 
integer quantum Hall effect, requires broken the time-reversal symmetry [1-3]. The 
thinking and research on time-reversal symmetry in condensed matter systems directly 
led to the discovery of time-reversal-invariant Z2 TIs with the quantum spin Hall effect 
[4-7]. The introduction of magnetism into the Z2 TIs can produce more exotic 
topological quantum phenomena, such as the quantum anomalous Hall effect [8-14], 
axion insulator states [15-21] and chiral Majorana fermions [22]. 
The quantum anomalous Hall effect has been first realized in magnetically doped 
(Bi,Sb)2Te3 thin films [9,10]. In the magnetically doped TIs, the magnetic impurities 
usually induce strong inhomogeneity, which is believed to be one of the main reasons 
that the quantum anomalous Hall effect usually appears at extremely low temperatures 
(< 100 mK), hindering further exploration of topological quantum effects. A direct 
solution to avoid disorder is to seek for intrinsic magnetic TIs, which have magnetic 
order in the stoichiometric compositions.  
In the past year, significant progress has been made in this field [16-21,23-39]. 
Theory has predicted several intrinsic antiferromagnetic (AF) TIs, such as MnBi2Te4 
[16,19-21,33,40] and EuIn2As2 [17], while most experimental studies focused on 
MnBi2Te4 [18,21,25-27,30-39]. Very recently, a quantized Hall plateau at h/e2 was 
realized in few-layer MnBi2Te4 sheets under moderate magnetic fields of several Tesla 
[30,32]. The intriguing phenomenon was attributed to a transition from an AF TI to a 
Chern insulator driven by magnetic fields. The angle-resolved photoemission 
spectroscopy (ARPES) experiments on MnBi2Te4 and MnBi4Te7 revealed a large gap 
of ~ 100 meV in the AF state, which was considered to be associated with the time-
reversal symmetry breaking [21,25-29]. However, it is confusing that the large gap 
remains when the time-reversal symmetry is restored at temperatures much higher than 
the AF transition temperature [21,25-29]. Another ARPES experiment on EuSn2P2 did 
not obtain information about topological surface states (SSs), because the samples were 
hole doped with the bulk band gap above the Fermi level (EF) [24]. In this work, we not 
only reveal the gapless Dirac SSs of MnBi2Te4 within the large gap observed in 
previous ARPES studies, but also discover another intrinsic magnetic TI EuSn2As2 by 
combining first-principles calculations and ARPES measurements. 
EuSn2As2 has a layered crystal structure with space group R-3m [Fig. 1(a)]. Each 
trigonal Eu layer is sandwiched between two buckled honeycomb SnAs layers. Two 
adjacent SnAs layers are coupled by van der Waals force. This allows EuSn2As2 to be 
easily exfoliated into few-layer sheets like MnBi2Te4 [26,30-32,41]. A previous study 
has revealed that EuSn2As2 undergoes a transition from a paramagnetic (PM) state to 
an AF state around 25 K [41], which is consistent with our measurements in Figs. 1(b) 
and 1(c). In the AF state, the Eu 4f magnetic moments form an A-type AF structure, i.e., 
ferromagnetic a-b planes coupled antiferromagnetically along the c axis. In addition, 
when magnetic fields are perpendicular to the c axis, the susceptibility c(T) in Fig. 1(b) 
shows an upturn below 10 K and the isothermal magnetization M(H) at 2 K in Fig. 1(c) 
increases rapidly at low fields, indicating an in-plane ferromagnetic component 
probably due to canting of the magnetic moments.  
We first analyzed the topological properties of EuSn2As2 in the AF state. The 
Hubbard interaction U on Eu 4f electrons was set to be 5 eV in the calculations in Fig. 
1(d), in which the energy position of the Eu 4f flat bands is consistent with the 
experimental value (~ 1.7 eV below EF in Fig. 2(a)). The calculated bands show a 
continuous gap throughout the Brillouin zone (BZ) near EF. One can see an anti-
crossing feature around G, suggesting that EuSn2As2 might be topologically nontrivial. 
The time-reversal symmetry 𝒯  is broken in the AF state. However, a combined 
symmetry 𝒯ℓ#/%  is preserved, where ℓ#/%  is a translation operation of half of the 
magnetic unit cell along the c axis, as indicated in Fig. 1(a). This makes 𝒯ℓ#/%  an 
antiunitary symmetry operation in the kz = 0 plane, where a Z2 topological invariant is 
well defined. We used the Wilson-loop method to calculate the Z2 invariant. The 
calculated result in Figs. 1(e) and 1(f) shows a nontrivial winding structure across the 
BZ in the kz = 0 plane, indicating that EuSn2As2 is an AF TI with Z2 = 1, which is 
consistent with our parity analysis.  
For EuSn2As2, the formation of magnetic order in the Eu 4f states changes the 
whole symmetry of the system, but does not affect the band inversion of the Sn 5p and 
As 4p orbitals near EF. In the PM state, EuSn2As2 is a time-reversal invariant TI with 
gapless Dirac SSs in the inverted band gap, as confirmed by our experiments below. In 
the magnetically ordered state, the changes of the Dirac SSs depend on the specific 
magnetic structures and spin orientations. Figures 1(g) and 1(h) show the calculations 
in the A-type AF structure with magnetic moments along the b (AF-b) and c (AF-c) 
axes, respectively. In both magnetically ordered states, the 𝒯ℓ#/% symmetry is broken 
at the (001) surface, which causes the Dirac SSs to open an energy gap at Γ'. However, 
in the AF-b phase, the vertical mirror plane perpendicular to the magnetic moments is 
kept. This makes EuSn2As2 a topological crystalline insulator characterized by nonzero 
mirror Chern number of the occupied states within the preserved mirror plane. The 
mirror symmetry protects a massless Dirac cone deviating from the Γ' point on the line 
projected by the mirror plane on the (001) surface, as seen in Fig. 1(g). In the AF-c 
phase, all the vertical mirror symmetries are broken since the magnetic moments are 
parallel to them. EuSn2As2 becomes an axion insulator protected by inversion 
symmetry, where the Dirac SSs open an energy gap on all surfaces, leaving one-
dimensional hinge states between the gapped SSs [17,42]. However, the opened gap at Γ' is too small (< 1 meV) to be resolved in Fig. 1(h). The varying magnetic states with 
different symmetries lead to various topological states. We draw a schematic diagram 
in Fig. 1(i) to illustrate the relationship between them, which is similar to the analysis 
for EuIn2As2 [17]. 
We then investigated the electronic structures on the (001) surface of EuSn2As2 
with ARPES. The band dispersions measured at different photon energies (hν) in Fig. 
2(b) have no obvious changes. We use the data collected with hν = 29 eV to illustrate 
the electronic structures near EF in Figs. 2(c)-2(e). The data reveal that all near-EF bands 
lie around the BZ center Γ'. Two hole-like bands (labelled as a and b) form two circular 
FSs centered at Γ'. In addition, one can see a small feature at EF at Γ' (labelled as g), 
which should be the bottom of an electron-like band, and an “M”-shaped band below 
EF (labelled as d). The experimental data are consistent with the calculated valence 
bands in Fig. 2(f) except for a rigid band shift of ~ 0.18 eV. This suggests that the 
EuSn2As2 samples are hole doped, which is similar to the case of EuSn2P2 [24].  
For the hole-doped samples, conventional ARPES measurements cannot obtain 
the information in the band gap. Instead, we used time-resolved ARPES (tr-ARPES) 
with the pump-probe method to measure the unoccupied electronic states above EF. In 
Fig. 3(a), the snapshots of ARPES intensity at different pump-probe delay times reveal 
Dirac-like band dispersions at ~ 0.4 eV above EF. To illustrate the topological attribute 
of the Dirac band, we combine the tr-ARPES data with the conventional ARPES data 
in Fig. 3(d). The lower branch of the Dirac band connects to the band a. The bands b 
and g connect just above EF and constitute a single band with an “M” shape. The upper 
branch of the Dirac band connects to the electron-like conduction band. The 
experimental results are consistent with our calculations in Fig. 1. The stack of equal-
energy contours in Fig. 3(e) show that the Dirac SSs has a cone-like feature, which is 
rather isotropic.  
The single Dirac cone observed at 40 K ambiguously confirms that EuSn2As2 is a 
strong TI in the PM state. As discussed above, the (001) Dirac SSs either open an energy 
gap or shift slightly off the Γ' point in the AF state. Within our resolution, we did not 
observe any significant changes in the Dirac SSs between the PM state (40 K) and the 
AF state (4 K). According to our calculations, the effects of the magnetic order on the 
Dirac SSs are very small. The main reason is that the correlations between the electronic 
states involved in the magnetic order and those in the nontrivial topology are too weak. 
The magnetic moments derive from the Eu 4f electronic states, which are very localized 
and lie at 1.7 eV below EF. The nontrivial topology is caused by the inversion of the Sn 
5p and As 4p states near EF. In the AF state, the Eu 4f spins form a long-range magnetic 
order, which breaks the time-reversal symmetry, allowing the surface Dirac bands to 
hybridize at Γ' to develop an energy gap. The magnitude of hybridization depends on 
the hopping probability between the Eu 4f states and the p orbitals related to the 
nontrivial topology. Since the topological electronic states has little contribution from 
the Eu 4f states, the effects of magnetic order on the Dirac SSs are very limited. 
In addition to EuSn2As2, we observed gapless Dirac SSs in MnBi2Te4. Previous 
ARPES results showed a large gap of ~ 100 meV, in which the spectral intensity has a 
local minimum [18,21,25-29]. We did observe a band gap of ~ 100 meV, but 
remarkably, our data reveal an extra electronic state within the gap, showing a peak at 
-0.28 eV in the energy distribution curves (EDCs) in Fig. 4(e). In order to clarify the 
band dispersions of the in-gap state, we performed second derivative of the ARPES 
data with respect to energy. In the intensity maps of second derivative in Figs. 4(c) and 
4(d), two bands linearly cross, forming a Dirac point at -0.28 eV. The Fermi velocity 
of the Dirac fermion is 3.6´105 m/s, which is comparable with that in Bi2Te3 (~ 4´105 
m/s). 
In the AF state of MnBi2Te4, we did not observe the gap opening at the Dirac point 
in Figs. 4(b) and 4(d). This is in contrast to the theoretical calculations that have 
proposed an energy gap of tens of meV in the AF-c phase [19-21,23,40]. The AF-c 
phase of MnBi2Te4 has been confirmed by neutron diffraction experiments [35]. In 
MnBi2Te4, the magnetic moments derive from the Mn 3d states, and the nontrivial 
topology is caused by the inversion of the Bi 6p and Te 5p states near the bulk band 
gap. In order to clarify the contribution of magnetic Mn 3d states to the topological 
electronic states, we performed resonance photoemission spectroscopy measurements 
at the Mn 3p-3d absorption edge. The difference between the on- and off-resonance 
spectra in Fig. 4(h) reveal that the Mn 3d states are mainly located at ~ 4 eV below EF. 
In addition, the feature at ~ 1 eV below EF originates from the hybridization of the Mn 
3d and Te 5p states. However, the component of Mn 3d states is negligible in the energy 
range within 0.6 eV below EF, where the nontrivial topology arises. This indicates that 
the hybridization of the Mn 3d and the p orbitals related to the nontrivial topology is 
weak. The theoretical calculations may overestimate the effects of the magnetic order 
on the Dirac SSs even though the Mn 3d states are not as localized as the Eu 4f states. 
The inconsistency between experiment and theory calls for further theoretical 
investigation. 
We have observed the gapless Dirac SSs across the bulk band gap of EuSn2As2 
and MnBi2Te4, demonstrating their nontrivial topology. According to our results, the 
gaps in the AF state should be of the order of meV or less, which can be attributed to 
weak coupling between the local magnetic moments and the topological electronic 
states. It is highly desirable to find the intrinsic magnetic TIs in that the topological 
electronic states are heavily involved in the magnetic order, which may be critical to 
realize topological quantum phenomena at higher temperatures.  
Note added. We become aware of a similar study [43,44] showing the gapless 
Dirac SSs in MnBi2Te4 when finalizing the present paper. 
  
Method 
Sample synthesis 
Single crystals of EuSn2As2 were grown by the Sn flux method at the Institute of 
Physics, Chinese Academy of Sciences. The high-purity Eu (rod), Sn (shot), and As 
(lump) were put into corundum crucibles and sealed into quartz tubes with a ratio of 
Eu:As:Sn = 1:3:20. The tubes were heated to 1000 °C at the rate of 100 °C/h and held 
there for 12 h, then cooled to 750 °C at a rate of 2 °C/h. The flux was removed by 
centrifugation, and shiny crystals were obtained. 
Single crystals of MnBi2Te4 were grown by the self-flux method at Renmin 
University of China. The high-purity Mn (piece), Bi (shot) and Te (shot) were put into 
corundum crucibles and sealed into quartz tubes with a ratio of Mn:Bi:Te = 1:11.7:18.55 
(MnTe:Bi2Te3 = 1:5.85). The tube was heated to 950 °C at a rate of 40 °C/h and held 
there for 12 h, then cooled to 580 °C at a rate of 10 °C/h. The flux was removed by 
centrifugation, and shiny crystals were obtained. 
Band structure calculations 
EuSn2As2 is crystallized in a rhombohedral lattice with space group of R-3m (No. 
166). The experimental lattice constants a = b = 4.2071 Å and c = 26.463 Å were 
adopted in our first-principles calculations. The Eu, Sn and As atoms are located at the 
Wyckoff position 3a (0, 0, 0), 6c (0, 0, 0.20963) and 6c (0, 0, 0.40624), respectively. 
The Vienna Ab initio Simulation Package (VASP) with the generalized gradient 
approximation–Perdew, Burke and Ernzerhof (PBE–GGA)-type exchange correlation 
potential was employed and the BZ sampling was performed by using k grids with an 
11×11×3 mesh in self-consistent calculations. To match the energy position of Eu 4f 
bands in experiments, the Hubbard U parameter of the 4f electrons was taken as 5 eV 
in the GGA+U calculations. We have generated the maximally localized Wannier 
functions for the 5s and 5p orbitals on Sn and the 4p orbitals on As using the 
WANNIER90 package. The surface states calculations were performed using the 
Green’s function method based on the Wannier Tools package. 
Synchrotron angle-resolved photoemission spectroscopy 
ARPES measurements on EuSn2As2 were performed at the “CASSIOPEE” 
beamline, SOLEIL, France, with a Scienta R4000 analyzer, and the “dreamline” 
beamline at the Shanghai Synchrotron Radiation Facility (SSRF) with a Scienta DA30 
analyzer. ARPES measurements on MnBi2Te4 were performed at the 03U beamline at 
the Shanghai Synchrotron Radiation Facility (SSRF) and at the 13U beamline at the 
National Synchrotron Radiation Laboratory at Hefei with Scienta DA30 analyzers. 
Time-resolved angle-resolved photoemission spectroscopy 
The tr-ARPES experiments were performed at Shanghai Jiao Tong University. In 
tr-ARPES measurements, infrared photon pulses with wavelength centered at 700 nm 
(1.77 eV) and pulse length of 30 fs were used to excite the sample, and the non-
equilibrium states were probed by ultraviolet pulses at 205 nm (6.05 eV). 
Photoelectrons were collected by a Scienta DA30L-8000R analyzer. The overall time 
resolution and energy resolution are 130 fs and 19 meV respectively [45]. Sample was 
cleaved at a pressure better than 3×1011 torr at 4 K. 
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 Fig. 1. Magnetic and topological properties of EuSn2As2. (a) Crystal structure of 
EuSn2As2. The green arrows represent the magnetic moments of Eu atoms, forming a 
doubled magnetic unit cell c* = 2c. The blue arrow represents the half translation 
operator ℓ#/% of the magnetic unit cell along the c axis. (b) Magnetic susceptibility as a 
function of temperature under a magnetic field of 500 Oe perpendicular (red) or parallel 
(blue) to the c axis. The inset shows the inverse susceptibility. (c) Field-dependent 
magnetization at 2 K with magnetic fields perpendicular (red) or parallel (blue) to the 
c axis. (d) Calculated bulk band structure of EuSn2As2 in the AF state along high-
symmetry lines with spin-orbit coupling. (e) Wannier charge centers (WCC) calculated 
in the time-reversal invariant kz = 0 plane. (f) Zoom-in WCC in (e), confirming Z2 = 1. 
(g),(h) Calculated band dispersions of (001) SSs and projected bulk states along 𝑀)-Γ'-𝑀) near the bulk band gap in the AF-b and AF-c phases, respectively. (i) Schematic 
diagram of topological states of EuSn2As2 in three prototypical magnetic phases (PM, 
AF-b, AF-c). STI, TCI, and AI are the abbreviations of strong topological insulator, 
topological crystalline insulator, and axion insulator, respectively. 
 Fig. 2. Electronic structures of the occupied states of EuSn2As2. (a) Core-level 
photoemission spectrum showing the characteristic peaks of As 3d, Sn 4d, and Eu 4f 
orbitals. (b) Curvature intensity map of the ARPES data at EF measured in a range of 
hν from 18 to 35 eV. (c) ARPES intensity map around Γ' at EF. (d) ARPES intensity 
map along 𝑀)-Γ'-𝑀). (e) Curvature intensity map of the data in (d). (f) Calculated band 
dispersions of (001) SSs and projected bulk states along 𝑀)-Γ'-𝑀). The ARPES data in 
(c) and (d) were measured at hν = 29 eV. 
  
 Fig. 3. Surface Dirac cone in the unoccupied states of EuSn2As2. (a) Snapshots of the 
tr-ARPES intensity along 𝑀)-Γ'-𝑀) measured with the pump-probe method at different 
delay times. (b),(c) Curvature intensity maps of the pump-probe data at the delay time 
0.2 ps measured at 40 and 4 K, respectively. (d) Combination of the data in Fig. 3(c) 
and Fig. 2(e). (e) Stack of curvature intensity maps of the pump-probe data at different 
constant energies. The energy of the Dirac point (ED) is set to zero. 
  
 Fig. 4. (001) Dirac SSs of MnBi2Te4. (a),(b) ARPES intensity maps of MnBi2Te4 at 50 
K and 10 K, respectively. (c),(d) Intensity maps of second derivative with respect to 
energy of the data near the bulk band gap in a and b, respectively. TSS, DP, BCB and 
BVB are the abbreviations of topological surface states, Dirac point, bulk conduction 
band, and bulk valence band, respectively. (e) EDCs around the Dirac point of the data 
in (a). The red curve indicates the EDC at Γ'. (f) Band dispersions extracted from the 
data in (a). Blue lines and red dots represent the bulk states and topological surface 
states, respectively. (g) Core-level photoemission spectrum showing the characteristic 
peaks of Bi 4f, Bi 5d, Mn 3p, and Te 4d orbitals. (h) Resonant valence band spectra of 
MnBi2Te4 taken at the Mn 3p-3d absorption edge. On and off-resonance spectra were 
obtained at hν = 51 and 47 eV, respectively. The ARPES data in (a) and (b) were 
measured at hν = 13.8 eV. 
